Abstract Growth kinetics of Sphaerotilus natans and Acinetobacter anitratus (strain E932) in pure and mixed cultures were analysed. In order to determine mixed cultures biomass composition, a quantitative image analysis technique was developed. Pure culture studies showed that for dilution rates less than 0.188 h -1 , the filamentous micro-organism will predominate leading to bulking phenomena. By using the developed technique to determine biomass composition, mixed culture experiments showed that changes in the dilution rate modify the microbial composition of the biomass determining which micro-organisms predominate. The stated equations that predict the predominance of S. natans at low dilution rates agree satisfactorily with the obtained results.
Introduction
Biological methods to control filamentous bulking comprise preventive actions to suppress filamentous micro-organisms (FM) and selectively support the growth of floc-forming bacteria (FFB) (Wanner, 1994) . To develop kinetic models that help to predict bulking events, the growth kinetics of the FM and FFB should be known. However, the lack of a simple and accurate technique to determine microbial composition is one of the main problems when a mixed culture is analysed (Tomei et al., 1999) .
The objectives of the present work were: i) to study in pure cultures the growth kinetics of Sphaerotilus natans and the FFB Acinetobacter anitratus in a model system of a food industry wastewater (potato processing plant), ii) to develop a quantitative technique for measuring both bacteria in mixed cultures based on image analysis, and iii) to evaluate the behaviour of S. natans and A. anitratus in mixed cultures using the previously developed technique.
Materials and methods
Sphaerotilus natans ATCC #29329 was obtained from the American Type Culture Collection. The FFB (strain E932) was isolated from a lab-scale activated sludge treatment plant, fed with a model effluent from a potato processing industry. Strain E932 was identified as Acinetobacter anitratus using the biochemical test system Sensident-E (Merk).
The culture medium was developed in a previous work and contains citrate (limiting substrate) and ammonia as carbon and nitrogen sources respectively (Contreras et al., 2000a) .
Monod kinetic coefficients (maximum specific growth rate, µ max ; half saturation coefficient, K S ), endogenous decay coefficient (k d ), true biomass growth yield (Y T X/S ), and biomass maintenance coefficient (m S ) were determined for both strains in pure cultures using the classical steady state method (Pirt, 1975) . Pure and mixed culture experiments were performed in a chemostat apparatus; the temperature was 30°C, pH = 7.0 and dissolved oxygen concentration was above 2 mgO 2 l -1 . Tested dilution rates (D) ranged between 0.02 h -1 and 1.0 h -1 . When the system was considered to run under steady-state conditions, samples were drawn to measure the total chemical oxygen demand (COD T ). A portion was filtered by Millipore HA 45 µm membranes and substrate (S) was determined as soluble chemical oxygen demand (COD S ). Biomass concentration (X) was calculated as the difference between COD T and COD S (Contreras et al., 2000b) . COD measurements were performed with a commercial kit (Hach Corp., Loveland, USA).
Microscopy observations (phase contrast, 1000X) were performed using a Leica DMLB microscope with a built-in camera. The images were logged with a Leica DC 100 Version 2.51 software and analysed with the Global Lab Image Version 2.10.
Results and discussion
Pure culture studies Table 1 shows the kinetic and stoichiometric parameters for pure cultures of S. natans and strain E932. These results agree with those published by other authors for FM and FFB (Jenkins, 1992; Wanner, 1994) . Pure cultures chemostat experiments showed that strain E932 had higher values of µ max , K S , m S and Y T X/S than S. natans (Table 1 ). The differences between kinetic parameters of strain E932 and S. natans could be used to predict filamentous bulking phenomena. The intersection point (D i , S i ) for which S. natans and strain E932 could coexist under steady-state conditions was calculated as:
where 1 and 2 correspond to S. natans and strain E932 respectively. Based on the data showed in Table 1 , the simultaneous resolution of these equations allows us to calculate the values of S i = 41 mgCOD/l and D i = 0.188 h -1 ; thus, for D < D i the filamentous microorganism will predominate leading to bulking problems.
Proposed technique to determine biomass composition
Biomass concentration being a lumped parameter, the fraction of each micro-organism in mixed cultures cannot be determined; for this reason, a microscopic image analysis was developed. The method was based on the measurement of the ratio (a b ) between the occupied area by bacteria and the total examined area as a function of biomass concentration (X). In a first set of experiments, pure cultures of S. natans and strain E932 were analysed; for each micro-organism a linear relationship (a b (%) = cX) was found (Figure 1 ). The slopes of the straight lines were c 1 = 3.00 × 10 -3 L/mgCOD B and c 2 = 3.63 × 10 -3 L/mgCOD B , with a slope ratio h = c 1 /c 2 = 0.826, where subindices 1 and 2 correspond to S. natans and strain E932 respectively. 
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The following fractions for S. natans were defined: f a1 = a b1 /(a b1 + a b2 ) and f X1 = X 1 /(X 1 + X 2 ) where f a is the fraction based on area data, and f X the fraction based on biomass measurements; both fractions are related by:
Mixed culture model systems with known f X1 values were used to test the validity of the proposed method. The model systems were obtained mixing pure cultures of S. natans and strain E932 with known biomass concentration and the corresponding f a1 values were measured (Figure 2 ). Eq. (3) was fitted to the data shown in Figure 2 by non-linear regression analysis obtaining a value of h = 0.784, close to the previously calculated one (h = 0.826). According to the obtained results, the proposed method to determine the biomass composition can be use to analyse mixed cultures.
Mixed culture studies
The relative microbial composition in mixed cultures of S. natans and strain E932 was analysed as a function of dilution rate (D) controlled changes (Figure 3) . The experiment started with a pure culture of S. natans working at D = 0.15 h -1 . After 160 h, 500 ml of the culture medium was replaced by 500 ml of strain E932 culture and a mixed system 
Conclusions
Pure cultures studies of Sphaerotilus natans and Acinetobacter anitratus (strain E932) showed that for dilution rates less than 0.188 h -1 , the filamentous micro-organism will predominate leading to bulking phenomena.
Mixed culture experiments showed that changes in the dilution rate modify the microbial composition of the biomass. The stated equations that predict the predominance of S. natans at low dilution rates agree satisfactorily with the obtained results. 
